Abstract-Flexible pressure and thermal sensors are the critical parts of the functional electronic skin of prostheses and robots, as well as flexible catheter/devices for multimodal biomedical monitoring. In this paper, a polysilicon thin film was developed on a flexible polyimide substrate using aluminum induced crystallization process for biomedical pressure and temperature sensing applications. The formation of polycrystalline structure was verified from the developed polysilicon film. Long term stability and real-time temperature tests were performed to evaluate potential application to the in vivo monitoring of brain or body temperature. The linear real-time change of polysilicon resistance with temperature was attained with the temperature coefficient of the resistance of −0.0027/°C and the resolution of 0.05°C. With a gauge factor of 10.3, the polysilicon film developed in this paper represents a promising material for the development of high-sensitivity pressure sensors on flexible polyimide substrates.
various approaches such as capacitive [6] , [7] , piezoelectric [8] , [9] , piezoresistive [10] [11] [12] [13] , and organic thin film transistors [14] have been applied to develop pressure sensors on a flexible substrate. However, for bimodal monitoring of temperature and pressure, or further integration with multiple parameters [15] , pressure sensors of the piezoresistive type are preferred for easy signal processing and prevention of cross-talk between sensors [16] . Several studies have been conducted to develop bimodal monitoring of pressure and temperature using flexible substrates. Lichtenwalner et al. [11] developed a temperature and strain sensor array using Pt as RTD and NiCr as the piezoresistive pressure-sensing material. Harada et al. [12] have used printed nanocomposite inks to develop temperature and piezoresistive strain sensors. Someya et al. [13] combined conductive rubber as a sensing material with an organic transistor for strain sensors. Nonetheless, among all these works, the piezoresistive materials used for pressure sensing have encountered challenges of either low sensitivity or instability in low pressure ranges.
Polysilicon, as a versatile material sensitive to both temperature and pressure, can be a very good choice to sense temperature and pressure with the same material. Depending on the developing process and doping level of polysilicon, the GF and temperature coefficient can be adjusted in a wide range. GFs as high as 50 [17] with a TCR close to 0%/K have been reported for polysilicon. To lower the crystallization temperature of polysilicon and accommodate its use with plastic substrate, approaches such as PECVD [18] , laser annealing [19] and metal-induced crystallization [20] [21] [22] have been reported. Nast et al. [22] proposed the technique of Aluminum induced crystallization (AIC), in which the crystallization process occurred at a temperature under the eutectic temperature of 577°C. Temperatures for AIC to occur were reported as low as 165°C [23] . Uhlig et al. [24] developed polysilicon film on ceramic plates using the AIC process (annealing at 330 to 660°C for up to 6h). Gauge factors (GFs) of 4.5 to 17 and temperature coefficients of resistance (TCR) between −0.4 and −0.1%/K were obtained for the developed film. Patil et al. [25] , [26] reported on piezoresistive properties of polysilicon obtained by the AIC process (annealing at 475 up to 550°C for 90 min) for tactile sensor applications. A polyimide layer was used as a sacrifice layer to build the membrane structure for the tactile sensor, and GFs were estimated to be in the range of 6.6 to 11.7 for an estimated strain of approximately 1.5×10 −3 applied on the piezoresistors.
For flexible biomedical temperature and pressure sensing applications, in this work we present polysilicon thin film Fig. 1 . Illustration of the diffusion and layer exchange of aluminum induced crystallization process: (a) silicon and aluminum atoms inter-diffused into each other's layer during annealing and (b) Silicon and aluminum layers totally exchange the position and a continuous polysilicon layer is formed under the aluminum after annealing is done.
developed directly on a flexible polyimide substrate using the AIC process. The polysilicon film developed on flexible lowstress polyimide PI2611 (HD Microsystems) has been fully characterized using XRD, SEM, and TEM methods for the evaluation of polycrystalline structure. Long term stability and drift tests, TCR, gauge factor, and hysteresis characterization are presented.
II. METHODS

A. Polysilicon Film Developed With AIC
In the aluminum induced crystallization (AIC) process, amorphous silicon and aluminum layers with equal thickness are deposited on the substrate and annealed at a temperature under the eutectic temperature of 577°C. During annealing, Si atoms dissolve into and diffuse within the aluminum layer. The nucleation takes place at the grain boundary of aluminum crystals and terminates when adjacent grains meet, forming a continuous polycrystalline silicon film. The presence of aluminum drastically lowers the activation energy required for crystallization. The phenomenon can partly be explained by Hiraki's screening model [27] . Fig. 1 illustrates the diffusion and layer exchange of the AIC process. The overall process leads to an exchange of layer positions, leaving the poly-Si film on the substrate with the Al layer on top. Furthermore, some extent of aluminum is embedded into the crystallized silicon film, and P-type polysilicon film is simultaneously formed. Thus, high temperature doping process can also be avoided.
In this work, PI2611 is used as the flexible substrate on which polysilicon is deposited. PI2611 is chosen as the substrate because of its biocompatibility, inertness to chemical etchant to sustain the microfabrication process, and high glass transition temperature to endure AIC annealing process. In particular, PI2611 has a low coefficient of thermal expansion (CTE) of 3 ppm/°C which is very close to polysilicon (2.6 ppm/°C). This prevents stress that may be induced in polysilicon film during the annealing process due to CTE mismatch between polysilicon and substrate.
To develop a flexible substrate, PI2611 was spun on a silicon wafer and then cured in a programmable oven at 400°C for 30 minutes with a ramp rate of 4°C/min to minimize the thermal stress. After curing, a thin PI2611 film with thickness of 7μm was obtained. To develop polysilicon thin film, aluminum and amorphous silicon thin layers with thicknesses of 200 nm were sputtered on PI2611. The sputtering power was carefully selected to achieve the desired surface roughness and grain size of the aluminum layer, since the grain size of the aluminum layer affects the time required for the annealing process as well as the grain size of the formed amorphous polysilicon [28] . The sample was then annealed at 400°C with a ramping rate of 4°C/min for 1 hour in N 2 gas. After the annealing process, silicon and aluminum layers totally exchanged positions and the newly formed polysilicon film was exposed by etching away the top aluminum film with aluminum etchant.
B. Characterization
X-Ray diffraction (XRD) measurements were performed using X'Pert Pro MPDsystem (PANalytical) to verify the crystallization of polysilicon. Fig. 2 (a) and (b) show the X-Ray results of the PI2611 substrate with and without polysilicon layer, respectively.
As shown in Fig. 2 (a), the peaks appear at 2θ = 28.5°< 111> and 47.3°<220> for the PI2611 substrate with polysilicon layer. Fig. 2(b) shows the amorphous nature of PI2611, which is the background of Fig. 2(a) .
The crystallite size can be estimated from the high resolution X-ray diffraction data using the Scherrer relation [29] as:
where B is the full width at half maximum (FWHM), λ is the X-ray wavelength, and t is the diameter of the crystal. Peak <111> was considered for estimating the grain size of the polysilicon film. With FWHM of 0.144°, the average size of the crystals of polysilicon film was about 49 nm. To inspect the extent of crystallization, TEM measurement was performed with a FEI CM20 TEM system. To prepare the sample for measurement, polysilicon film developed on PI2611 substrate was first immersed in concentrated HF acid to lift the polysilicon film off of the substrate. The removed polysilicon film was then immersed in DI water to wash away HF acid. Finally, the film was carefully transferred onto a copper grid and dried naturally in air. Fig. 3 shows the TEM results. The picture is void of any cloudy areas that would reflect amorphous character. Instead, clear circles formed by independent dots, which represent polycrystalline nature, are observed. Fig. 4 is the SEM picture of surface morphology of the developed polysilicon film (using FEI XL30 ESEM). As shown in the picture, a continuous polysilicon film has been successfully attained.
The polysilicon film was examined with energy dispersive spectroscopy (EDS) to verify the aluminum doping concentration. The results showed the film had aluminum and silicon content with the At. % ratio of 2.75%: 97.25%. This analysis confirmed that a small amount of aluminum was embedded in the final crystallized film and acted as a p-type dopant in the polysilicon film.
The sheet resistance of the film was further measured with a four-probe station to ensure the activation status of the embedded aluminum. A result of 2.5 K / for 200 nm thick polysilicon film was attained, clearly demonstrating the conductivity of doped polysilicon film. This eliminated the need for an additional doping step.
C. Fabrication of Characterization Device
After developing polysilicon film on PI2611 substrate, polysilicon thin film was patterned to form a resistor with the standard photolithography process, followed by development of electrical leads with aluminum evaporation and etching. Another PI2611 layer was then spin-coated and cured to form a 7μm thick passivation layer on the top of the device. Finally, the PI2611 passivation layer was dry etched using CF 4 and O 2 plasma to expose the aluminum contact pads for electrical input and measurement. The fabricated sample was then peeled off from the silicon substrate and cut into size for measurement. For electrical measurement, electrical wires were bonded to the aluminum contact pads with silver paste. Epoxy was applied to strengthen the contact between the wires and the contact pads. Fig. 5 shows the fabricated devices on flexible polyimide film, which was peeled off from the silicon wafer, and the single device which was cut into size and bonded with electrical wires.
III. THERMAL SIMULATION
Polyimide has numerous advantages as a flexible substrate for biomedical applications. However, it has poor heat dissipation with very low thermal conductivity (0. 52 W/(K * m)) compared to traditional silicon substrate (155 W/(K * m)). For biomedical devices, a passivation layer is also needed to prevent contamination from the outer environment, which further deters heat dissipation. For sensors developed with polysilicon film on polyimide substrate, if the driving current of the sensor is high enough to produce an obvious temperature increase, it can introduce large errors in the sensor and also instability in performance during long term application. Thus, it is necessary to characterize the device's temperature profile with the driving current and ensure that the current does not cause temperature increases due to self-heating. To investigate the temperature profile and determine the proper input, COMSOL Multiphysics 4.4 was used to simulate the temperature profile with different current inputs. A device configuration of the polysilicon pattern sandwiched by two 7μm-thick polyimide films at the top and bottom was used for simulation. The dimensions of the polysilicon pattern and aluminum lead used for simulation were the same as the design presented above. Table I shows the thermal conductivity at room temperature for the materials used in the simulation.
The "Heat transfer in solid" module was used for the boundary conditions between the aluminum electrical lead, polysilicon pattern, and PI2611 substrate. Heat flux convection was used for the boundary condition between PI2611 substrate and the air. DC input currents with amplitude ranging from 5 to 100 μA were simulated. Temperatures of the polysilicon device with varying input currents are shown in Fig. 6 .
As shown in Fig. 6 , the device was heated up to 323.00K (ambient temperature: 293.15K) with 100μA after 10 minutes, while an input current of 5μA reached only 293.15K without obvious self-heating. In the latter case, any temperature increase is clearly smaller than the required resolution of biomedical temperature sensing of 0.1°C.
IV. EXPERIMENT RESULTS
A. Contact Resistance Measurement
The contact type between polysilicon film and aluminum lead was first verified and the contact resistance was measured based on the transfer length method (TLM) [30] .
Polysilicon resistors with different length/width ratio were designed and developed. As shown in Fig. 7(a) , the length/width ratios of resistors are 0.7 (between contact pad 1&2), 1.7 (2&3), and 2.7 (3&4), respectively. The resistance of each resistor can be expressed by Equation (2) .
where R is the sheet resistance of polysilicon film, L is the length of the resistor, W is the width of the resistor, and RC is the contact resistance between polysilicon and aluminum. The area of the contact pad of aluminum on polysilicon is 100μm × 100μm, which is the same as the testing devices developed here. In the limit of a zero-length resistor, the residual resistance would be just twice the contact resistance. The contact type was first investigated by sweeping voltage from −20 mV to 20 mV and measuring the output current. The linear I-V curve in Fig. 7(b) shows that the contact between polysilicon and aluminum is Ohmic. The resistance Rtotal measured from the I-V curve was plotted versus length and width ratio (L/W) as shown in Fig. 7(c) .
As shown in Fig. 7(c) , resistance increases linearly with the length/width ratio. The fitted line with Equation 2 shows R total = 2.46 L/W + 0.50, which means the sheet resistance of the developed polysilicon film is 2.46 K , and the contact resistance between polysilicon and aluminum is 250 . Compared to other works [31] , [32] , the contact resistance obtained here is relatively large due to the low annealing temperature we used to form the ohmic-contact. However, it is still relatively small compared to the resistance of the developed polysilicon resistor.
B. Long Term Stability Test
For biomedical monitoring applications, sensing materials needs to fulfill requirements of long term stability. To minimize stress induced by the polysilicon annealing process, which may introduce instability, polyimide PI2611 with low stress and low CTE was chosen as the flexible substrate. Furthermore, a slow ramping rate was used for annealing to minimize the built-in stress between polyimide and polysilicon film. To examine the long term stability of the polysilicon material/device developed on polyimide substrate, the resistance of the developed polysilicon resistor was continuously measured with a digital multimeter (Agilent 34461A) and recorded with LabView, using a 5μA DC input current to prevent self-heating. A commercial high accuracy WPI® IT-21 biomedical temperature probe was used to monitor the real-time temperature. The stability test was conducted by monitoring polysilicon resistor resistance and temperature simultaneously for a continuous duration of 3 days with data acquisition at 1 Hz. The test result is shown in Fig. 8(a) . Fig. 8(b) shows the resistance drift. For 72 hours continuous operation, the resistance drifts for the polysilicon patterns were 12 ± 0.3 , which equate to 0.3 ± 0.06°C drift as a temperature sensor. This result suggests that the developed polysilicon pattern can achieve an accuracy of 0.3°C over 3 days of continuous monitoring.
C. Real-Time Temperature Test
Real-time temperature tests were conducted to characterize TCR and the resolution of the developed polysilicon film within physiological temperature ranges.
Polysilicon sample devices were placed in an oven with an initial temperature of 45°C that gradually cooled down to 36°C. The WPI® IT-21 temperature probe was used to monitor oven temperature. While oven temperature decreased, real-time resistance changes of polysilicon film were continuously recorded at 1 Hz. Fig. 9(a) shows the recorded resistance and temperature change with time. Fig. 9(b) shows the relationship between the recorded temperature and polysilicon resistance. The results show that the resistance of polysilicon decreased linearly with the temperature according to a temperature coefficient of resistance (TCR) of −0.0027/°C. The recorded short-term resistance fluctuation of polysilicon resistor was smaller than 2 . This implies a resolution of 0.05°C, which meets the requirements of biomedical temperature monitoring.
D. Piezoresistivity Test
A piezoresistor with length of 200μm and width of 40μm was patterned and tested with Instron® 5948 loading cell to characterize the GF of polysilicon film developed on polyimide. Strain from 0 to 0.01 was applied to the sample with a speed of 0.005/min under the control of Bluehill 3 instrument software. Applied strain and resistance change were monitored and recorded every second. Fig. 10 shows the measured resistance change with strain for 3 samples. Resistance of polysiliconpiezoresistor increases linearly with the applied strain with a GF of 10.316. The GF of polysilicon film newly developed on flexible polyimide substrate is comparable or even higher than that on traditional rigid substrate [24] [25] [26] [27] , demonstrating the feasibility of pressure sensing with polysilicon on a flexible substrate.
E. Hysteresis Test
To conduct hysteresis testing, tensile and relax mode was used in Instron® loading cell. Tensile strain increasing from 0 to 0.005 and then decreasing back to 0 with the speed of 0.005/min was applied to the testing sample. Two cycles of the strain were applied to the testing sample and the hysteresis curve is shown in Fig. 11 . The hysteresis was less than 0.3%.
F. Pressure Test
A prototype of the pressure sensor was fabricated to test the pressure response of the developed polysilicon on polyimide substrate. The fabricated device with membrane structure shown in Fig. 12(a) was placed in a small pressure chamber. The device was mounted and sealed in the pressure chamber with lead wires connected to a measurement system. The pressure inside the chamber was controlled from 1 to 10 mmHg. While the applied pressure was varied in the range of 1 -10 mmHg, the change of resistance from the piezoresistors were measured and recorded.
The measured resistances with changing pressure are shown in Fig. 12(b) . The result shows that the resistance of polysilicon changes linearly with the pressure, and the sensitivity is 2.3 /1 mmHg for a resistor with resistance of about 16 K .
V. CONCLUSION
In this work, polysilicon film on PI2611 substrate has been successfully developed using the aluminum induced crystallization (AIC) method. The polycrystalline structure of the developed film was verified with SEM, TEM, and XRD measurements. In order to realize long-term monitoring of biomedical temperature and pressure, long term stability tests for polysilicon resistor were performed with consideration of heat distribution of polyimide substrate to prevent self-heating. Real-time temperature tests were conducted to examine the feasibility of temperature monitoring. The result showed a linear relationship between polysilicon resistance and temperature with a TCR of −0.0027/°C and resolution of 0.05°C. A gauge factor of 10.3 was obtained for the polysilicon film. A prototype of the pressure sensor was developed and showed resistance change of 0.1% for the pressure range from 1-10 mmHg.
The polysilicon film developed on flexible polyimide substrate in this work was developed for potential use in new biomedical monitoring devices. In particular, the sensitivity to temperature and pressure suggests uses in neuromonitoring of brain injury and other health care applications.
